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The  catalytic  influence  of  Ni,  Zr2Ni5,  and  LaNi5  on  the  dehydrogenation  properties  of  milled  MgH2 
was  investigated.  MgH2  milled  in  the  presence  of  Ni  (5  wt%)  and  Zr2Ni5  (5  wt%)  catalysts  for  2  h 
showed  apparent  activation  energies,  EA ,  of  81  and  79  kJ/mol,  respectively,  corresponding  to  —50% 
decrease  in  EA  and  a  moderate  decrease  (—100  °C)  in  the  decomposition  temperature  (Tdec).  A  further 
27  °C  decrease  in  Tdec  was  observed  after  milling  with  10  wt%Ni.  Based  on  the  EA  values,  the 
catalytic  activity  decreased  in  the  following  order:  Ni  «  Zr2Ni5  >  LaNi5.  X-ray  photoelectron 
spectroscopy  analysis  of  the  milled  and  dehydrogenated  states  of  the  hydrides  modified  with  Ni 
catalyst  revealed  that  the  observed  reduction  in  EA  may  be  due  to  the  ability  of  Ni  catalyst  to  decrease 
the  amount  of  oxygen  atoms  in  defective  positions  that  are  capable  of  blocking  catalytically  active 
sites  thereby  enhancing  the  dehydrogenation  kinetics.  In  particular,  our  results  reveal  a  strong 
correlation  between  the  type  of  oxygen  species  adsorbed  on  Ni-modified  MgH2  and  the  EA  of  the 
dehydrogenation  reaction. 


I.  INTRODUCTION 

The  development  of  new  and  efficient  thermal  energy 
storage  (TES)  materials  remains  a  major  challenge  in 
addressing  needs  in  a  variety  of  areas  from  intermittent 
solar  energy  harvesting  to  thermal  management  of 
transient,  high-flux  heat  loads.  Conceivable  TES  appli¬ 
cation  temperatures  could  range  from  near  room  temper¬ 
ature  (for  cooling  electronics,  for  example)  to  moderate 
temperatures  commensurate  with  “temperature  lift”  heat 
pumping  cycles  and  waste  heat  recovery  from  power 
generation  cycles.  The  latter  temperatures  could  fall  in 
the  range  of  several  hundred  degrees  Celsius.  A  variety  of 
passive  materials  have  been  developed  and  used  for  TES 
including  paraffin  waxes,  water  tanks,  and  low-capacity 
reversible  metal  hydrides,  among  others.  Paraffin  wax  has 
been  used  as  a  TES  medium  for  decades.1-4  The  current 
state-of-the-art  packaging  technology  for  containing  and 
conducting  heat  to  paraffin  wax  reduces  its  effective  heat 
storage  density  at  the  system  level  appreciably.  Other 
material  systems  of  possible  interest  are  summarized  in 
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Table  I;  notably,  paraffins,  salts,  and  liquid  metals  have 
impractically  low  inherent  enthalpies  of  phase  change  when 
normalized  by  mass.  In  fact,  the  only  two  example  materials 
that  exceed  1  MJ/kg  are  water  (liquid-vapor)  and  a  metal 
hydride.  Regarding  water,  the  slow  kinetics  of  boiling/ 
evaporation,  limited  largely  by  the  nucleation,  ebullition, 
and  departure  time  of  —10  ms  for  each  bubble,5  and  the 
requirement  for  handling  large  quantities  of  vapor  make  it 
less  practical. 

Metal  hydrides  offer  a  potential  materials  solution,  en¬ 
abled  by  the  uniquely  high  formation  enthalpy  of  hydrogen 
gas,  as  well  as  other  advantages  such  as  on-demand  cooling, 
fast  thermal  response,  and  system  designs  that  are  compact 
and  lightweight.6  However,  they  also  offer  significant  cha¬ 
llenges  to  be  overcome.  First,  we  note  that  not  all  metal 
hydrides  have  high-energy  storage  capacities  (cf.,  LaNi5H6 
as  shown  in  Table  I).  In  fact,  some  well-known  intermetallic 
metal  hydrides  have  been  studied  recently  for  reversible  and 
reasonably  fast  thermal  storage,6  but  the  low  thermal  energy 
density  of  such  “classical”  hydrides  renders  them  poorly 
suited  for  high-density  thermal  storage.  However,  some 
metal  hydrides  do  offer  exceptionally  high  TES  density.  For 
instance,  a  reaction  of  Mg  and  H2  can  be  used  to  store  the¬ 
rmal  energy,  and  a  theoretical  energy  density  of  2.81  MJ/kg 
is  possible.7  Magnesium  hydride  (MgH2)  is  a  well-studied 
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TABLE  I.  Inherent  material  enthalpy  of  phase  change  and/or  reaction 
for  candidate  thermal  storage  materials  at  temperatures  between  100  and 
400  K. 


Material 

AH  (MJ/kg) 

Metal  hydride:  MgH2  (solid-vapor,  with  reaction) 

2.81 

Water  (liquid-vapor) 

2.25 

Water  (solid-liquid) 

0.33 

Metal  hydride:  LaNi5H6  (solid-vapor,  with  reaction) 

0.23 

Paraffin  waxes  (solid-liquid) 

0.20-0.25 

Low  melting  point  metals  and  alloys  (solid-liquid) 

0.01-0.08 

Hydrous  salts  (solid-liquid) 

0.05-0.3 

Inorganic  salts  (solid-liquid) 

0.01-0.4 

example,8-1 1  but  the  high  temperatures  required  for  hydro¬ 
gen  release  and  sluggish  kinetics  make  it  impractical  for 
highly  peaked  input  rate  TES  applications.  The  broader 
metal  hydride  research  community  has  been  very  active 
recently  in  developing  new  hydrides  for  hydrogen  storage 
for  fuel  cell  operations,  but  in  that  application  low 
reaction  enthalpies  are  desired  because  high  reaction 
enthalpies  decrease  overall  efficiency  and  create  severe 
cooling  problems  upon  hydrogenation  (i.e.,  fueling).11 
Because  of  the  emphasis  on  hydrogen  storage  for  fuel 
cell  vehicles,  pure  metal  hydrides  with  high  heats  of 
reaction  have  been  largely  neglected  in  recent  research 
compared  to  those  with  moderate-to-low  reaction  heats. 
Conversely,  our  work  focuses  on  metal  hydrides  that 
offer  extraordinarily  high  inherent  thermal  storage 
capacity,  while  also  exploring  new  routes  for  controlla¬ 
ble  kinetics  enhancement  and  high  effective  thermal 
conductivity.  However,  accessing  this  large  thermal 
density  under  rapid  heating  conditions  required  for 
projected  applications,  efficient  heat  flow,  reduced  de¬ 
sorption  temperatures,  and  fast  chemical  kinetics  of 
candidate  hydrides  like  MgH2  are  required;  therefore, 
new  material  enhancement  through  improved  catalysis 
are  required. 

Hydrogen  gas  produced  from  a  metal  hydride  offers 
exceptionally  good  thermal  transport  properties.  For 
example,  the  electrical  power  generation  industry  uses 
hydrogen  extensively  (often  produced  by  on-site  elec¬ 
trolysis)  to  provide  high-rate  cooling  of  turbine  generator 
windings.12  The  use  of  hydrogen  for  such  massive-scale 
cooling  is  in  concert  with  its  high  thermal  properties,  viz, 
thermal  conductivity,  Kth  =  0.18  W/mK;  specific  heat, 
Cp  =  14.21  kJ/kg-K;  and  specific  gas  constant,  R  = 
4.12  kJ/kg-K.  The  typical  thermophysical  properties  of 
hydrogen  are  an  order  of  magnitude  superior  to  those  of 
other  common  reactive  gases  such  as  NH3,  C02,  steam 
(H20),  and  air.  Only  inert  He  gas  approaches  the  thermal 
performance  of  hydrogen.  Furthermore,  hydrogen’s  high 
specific  gas  constant  makes  it  uniquely  suitable  for  rapid 
isothermal  gas  expansion  cooling,  which  suggests  addi¬ 
tional  utility  beyond  TES. 


Motivated  by  the  overall  benefits  of  generating  H2  from 
metal  hydrides  for  polymer  electrolyte  membrane  fuel 
cells,  many  research  efforts  have  focused  on  substantially 
improving  the  hydrogen  storage  properties  of  metal 
hydrides  using  different  approaches  such  as  mechanical 
ball  milling,  doping  with  catalysts,  confinement  in  nano- 
porous  scaffolds,  and  reactions  with  metals,  nonmetals,  or 
metal  hydrides.11,13-16  In  general,  nano  structuring  via 
mechanical  ball  milling16  or  wet  chemistry  methods17 
and  the  use  of  suitably  tailored  catalysts  as  dopants18  have 
shown  the  most  promise.  A  variety  of  transition  metal  and 
metal  oxide  catalytic  additives  (Ni,  Nb,  Ti02,  Cu,  Co, 
Fe,  etc)  have  been  investigated  under  various  condi¬ 
tions.19-22  In  summarizing  the  available  literature,  we  note 
that  nickel-catalyzed  MgH2  reactions  have  shown  better 
dehydrogenation  properties  in  comparison  to  other  transi¬ 
tion  metal  catalysts11,23,24;  the  high  catalytic  activity  of  Ni 
is  attributed  to  its  efficiency  in  the  cleavage  of  hydrogen 
bonds  during  hydrogenation  and  recombination  of  hydro¬ 
gen  atoms  during  dehydrogenation. 1 1  The  reactivity  of  any 
given  catalyst  can  be  substantially  altered  by  alloying. 
Although  mechanically  milled  MgH2-FaNi525,26  and 
MgH2-ZrxNiy27  composites  have  been  studied  separately, 
a  comprehensive  comparative  study  of  the  hydrogen  sto¬ 
rage  properties  of  milled  MgH2-FaNi5,  MgH2-ZrxNiy, 
and  MgH2-Ni  composites  under  similar  conditions  is  still 
lacking,  given  that  all  the  aforementioned  samples  were 
modified  differently  and  dehydrogenation  reactions  per¬ 
formed  at  different  vacuum  levels.  As  pointed  out  by  Varin 
et  al.,11  desorption  tests  of  MgH2  with  additives  conducted 
in  vacuum  are  of  very  limited  value  because  the  use  of 
vacuum  systems  in  practical  applications  of  hydrides  will 
greatly  complicate  the  whole  design.  Therefore,  we  present 
herein  a  comprehensive  comparison  of  the  dehydrogenation 
properties  of  MgH2  milled  with  Ni  and  Ni  alloys.  This  work 
also  provides  further  insights  into  the  role  of  the  active 
catalyst  during  the  dehydrogenation  reaction  of  MgH2. 

II.  EXPERIMENTAL  SECTION 
A.  Sample  preparation 

MgH2,  LaNi5,  and  Zr2Ni5  powders  (hydrogen- storage 
grade)  were  purchased  from  Sigma-Aldrich  (St.  Louis, 
MO),  whereas  Ni  metal  nanopowder  (<100  nm  in  size 
and  99.9%  in  purity)  was  purchased  from  American 
Elements  (Los  Angeles,  CA).  The  as-received  hydrides 
and  catalyst-hydride  mixtures  were  ball  milled  in  a  SPEX 
SamplePrep  8000M  Mixer/Mill  [high-energy  shaker  (vi¬ 
bratory)  mill],  which  combines  strong  shearing  and  impact 
forces  to  mix,  blend,  and  reduce  particle  size.  The  clamp 
movement  of  the  mill  is  5.9  cm  back-and-forth  and  2.5  cm 
side-to-side,  whereas  the  clamp  speed  is  1060  cycles  per 
minute.  The  hydrides  were  milled  in  a  65-cm3  stainless 
steel  vial  using  15  stainless  steel  grinding  balls  (0.7  cm 
in  diameter)  under  Ar  environment.  The  ball-to-powder 
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weight  ratio  was  13:1,  which  falls  at  the  lower  end  of  the 
recommended  range  of  10-100. 11  The  milling  time  of 
the  as-received  hydrides  were  1,  2,  5,  and  10  h,  whereas 
the  catalyst  compositions  investigated  were  2, 5,  and  10  wt% 
and  were  milled  for  2  h  except  where  otherwise  stated. 
Samples  were  handled  in  an  Ar  glove  box  with  the  amount 
of  oxygen  and  water  vapor  present  being  less  than  10  and 
0. 1  ppm,  respectively,  to  reduce  oxidation  and/or  hydroxide 
formation. 

B.  Differential  scanning  calorimetry  and 
thermogravimetry  (DSC/TGA) 

DSC/TGA  measurements  were  performed  using  a  Simul¬ 
taneous  DSC-TGA  instrument  (SDT  2960  TA  Instruments, 
New  Castle,  DE).  All  measurements  were  carried  out  with 
5-10  mg  of  sample  at  atmospheric  pressure  and  repeated  to 
ensure  reproducibility.  The  temperature  was  linearly  in¬ 
creased  from  room  temperature  (—25  °C)  to  500  °C  at  a  rate 
of  5  °C/min  in  a  stream  of  Ar  (—50  seem)  to  reduce 
oxidation.  The  apparent  activation  energy,  EA,  of  the  de¬ 
hydrogenation  reactions  was  determined  using  the  Kissinger 
method.  The  Kissinger  equation28  given  in  Eq.  (1)  is  used  to 
obtain  information  about  the  kinetics  and  the  reaction  order 
of  simple  decomposition  reactions  by  analyzing  the  sensi¬ 
tivity  of  the  decomposition  temperature  (Tdec)  to  the  heating 
rate  ((3): 

dln(4;)  £* 

<£)  ’ 

where  R  represents  the  gas  constant;  EA  is  determined 
from  a  linear  plot  of  In  ^  versus 

The  heating  rates  used  for  this  analysis  were  5,10,  and 
20  °C/min.  Detailed  description  and  assumptions  inherent 
in  the  Kissinger  method  are  reported  in  Ref.  28  The  TA 
Universal  Analysis  software  was  used  to  determine  the 
onset  temperature  (Tonset)  and  Tdec  after  each  experiment. 

C.  Structural  transformation  and  microstructure 

Phase  identity  and  purity  were  characterized  by  x-ray 
diffraction  (XRD)  using  a  Rigaku  D-5000  (Rigaku, 
Tokyo,  Japan)  with  Cu  Ka  radiation  (k  =  0.15418  nm) 
operated  at  40  kV  and  150  mA  at  room  temperature.  The 
scan  range  was  from  2-theta  =  20-90°,  and  the  scan  rate 
was  37min  at  a  step  size  of  0.05°.  The  microstructure  of 
the  samples  was  studied  using  an  FEI  Quanta  environ¬ 
mental  field  emission  scanning  electron  microscope 
(FESEM,  FEI,  Hillsboro,  OR).  All  images  were  captured 
under  high  vacuum  with  an  accelerating  voltage  of  20  kV. 
Backscatter  electron  imaging  allowed  differentiation  be¬ 
tween  relatively  high  atomic  mass  catalysts  and  low 
atomic  mass  MgH2.  This  distinction  was  confirmed  by 
energy-dispersive  spectroscopy,  which  correlated  high 


backscatter  (i.e.,  bright)  regions  with  high  catalyst  con¬ 
centrations. 

D.  X-ray  photoelectron  spectroscopy  (XPS) 

The  role  of  Ni  catalyst  during  the  dehydrogenation 
of  MgH2  was  studied  via  XPS  using  a  Kratos  Ultra 
XPS  system  (Kratos,  Kanagawa,  Japan)  with  a  monochro¬ 
matic  Al  Ka  source  (hv  =  1486.6  eV)  operated  at  12  kV 
and  10  mA.  Samples  were  loaded  on  the  holders  in  the 
glove  box  and  transported  in  sealed  bags  to  reduce 
contamination  from  oxygen  and  water  vapor.  The  Kratos 
XPS  is  equipped  with  a  heating  stage  in  the  outer  sample 
treatment  chamber  (STC)  (vacuum  level  —2.0  x  lO7  Torr 
during  heating).  Samples  were  placed  in  the  STC  and 
heated  to  250  °C  at  a  rate  of  —50  °C/min  and  maintained  at 
this  temperature  while  H2  desorption  was  monitored  using 
a  residual  gas  analyzer.  After  dehydrogenation,  the  sample 
was  transferred  under  vacuum  to  the  analysis  chamber  for 
spectral  acquisition.  All  samples  were  analyzed  before  and 
after  the  dehydrogenation  process.  The  C  Is  peak  (binding 
energy  =  284.8  eV)  was  used  as  charge  reference  for 
energy  calibration.  Spectral  analysis  was  performed  using 
CasaXPS  software.  Least  square  fitting  of  the  spectra  was 
performed  using  mixed  Gaussian-Lorentzian  peaks  in  the 
quantification  process. 

III.  RESULTS  AND  DISCUSSION 

A.  Optimization  of  the  high-energy  ball  milling 
process 

The  XRD  patterns  of  the  MgH2  in  the  as-received 
condition  and  after  ball  milling  for  1,  2,  5,  and  10  h  are 
presented  in  Fig.  1.  The  observed  reflections  of  the  as- 
received  MgH2  correspond  to  tetragonal  (3-MgH2  and  some 
retained  Mg.  After  milling  for  1  h,  there  is  a  structural 
transformation  of  the  (3-MgH2  to  the  (metastable)  ortho¬ 
rhombic  y-MgH2  and  the  formation  of  MgO.  Detailed 
explanations  for  the  formation  of  the  metastable  polymorph 
and  MgO  after  milling  have  been  provided  by  Huot  et  al.29 
All  the  milled  samples  exhibit  broad  peaks — suggesting  the 
formation  of  nanograins — and  prolonged  milling  up  to  10  h 
did  not  change  the  composition  of  the  polymorphs  signifi¬ 
cantly  compared  to  1-h  milling.  These  XRD  observations  are 
generally  consistent  with  previous  work11,16  except  that  in 
our  work  the  (3-y  transformation  occurred  after  1  h.  In 
previous  studies  such  as  that  by  Varin  et  al.,16  milling  for  10  h 
or  longer  was  required  to  transform  (3-MgH2  to  y-MgH2. 
Thus,  the  high-energy  milling  process  used  in  the  current 
study  appears  to  be  more  efficient  in  generating  the  meta¬ 
stable  y  phase  even  with  a  lower-than-typical  ball-to-powder 
weight  ratio  of  13:1. 

The  effect  of  high-energy  milling  for  different  dura¬ 
tions  on  the  rdec  of  MgH2  was  studied  to  optimize  the 
milling  conditions.  As  shown  in  Fig.  2,  the  DSC  profiles 
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■  p-MgH2,  •  y-MgH2  ▲  MgO  T  Mg 


FIG.  1 .  X-ray  diffraction  (XRD)  patterns  showing  the  microstructural 
evolution  during  high-energy  milling:  (a)  as-received  MgH2,  (b)  1-h 
milling,  (c)  2-h  milling,  (d)  5-h  milling,  and  (e)  10-h  milling.  Phase 
assignments  are  made  on  the  basis  of  comparisons  with  PDF  data. 

are  characterized  by  a  single  endothermic  peak,  which 
corresponds  to  the  decomposition  of  the  hydride.  The  Tdec 
(peak  maximum  temperature)  of  the  as-received  MgH2 
sample  occurs  at  414  °C,  whereas  the  Tdec  for  samples 
milled  for  1,  2,  5,  and  10  h  are  374,  353,  363,  and  371  °C, 
respectively.  A  summary  of  the  desorption  properties  of 
MgH2  modified  with  the  different  catalysts  is  presented  in 
Table  II.  It  is  believed  that  the  small  endothermic  peak  at 
450  °C  is  an  experimental  artifact.  The  reduction  of  Tdec 
by  —62  °C  while  maintaining  about  the  same  DSC  peak 
area  or  hydrogen  storage  capacity  implies  that  the  optimum 
milling  time  under  these  conditions  is  2  h.  Other  workers 
have  reported  that  a  reduction  in  Tdec  by  up  to  60  °C 
typically  requires  prolonged  milling.  For  instance,  Varin 
et  al.16  reported  a  reduction  in  Tdec  in  the  range  of  40- 
60  °C  for  the  as-received  MgH2  after  milling  for  10-100  h. 
The  decrease  in  Tdec  after  milling  is  generally  attributed  to 
the  formation  of  nanograins,  introduction  of  lattice  strains, 
and  phase  transformation  of  tetragonal  (3-MgH2  to  ortho¬ 
rhombic  y-MgH2  as  confirmed  by  XRD  (Fig.  1). 11,16,29 
The  FESEM  data  (not  shown)  revealed  that  the  as-received 
MgH2  has  a  grain  size  of  —10  pm,  and  fine  grains  are 
formed  with  increasing  milling  time.  It  is  thought  that  the 
motion  of  the  balls  in  the  high-energy  vibratory  mill 
combines  strong  shearing  and  impact  forces  in  various 
proportions  to  increase  the  free  energy  of  the  system  by 
increasing  surface  area  and  creating  lattice  defects.29  No 
Fe  contamination  was  observed  (0.1  at.%  detection  limit) 
during  XPS  analysis  of  the  milled  samples  suggesting  that 
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FIG.  2.  Differential  scanning  calorimetry  (DSC)  profiles  of  as-received 
MgH2  as  a  function  of  ball  milling  duration  (heating  rate  5  °C/min). 

the  reduction  in  Tdec  observed  is  completely  due  to  the 
milling  of  the  hydride,  not  from  the  leaching  of  Fe  from 
the  stainless  steel  vial  or  milling  tools  as  observed  by  Ares 
et  al.30 

B.  Influence  of  Ni-based  catalysts 

Further,  we  examined  the  dehydrogenation  reaction  of 
MgH2  milled  with  2  and  5  wt%  of  Ni  alloys  for  2  h.  Figure  3 
shows  the  DSC  results  of  the  as-received  MgH2,  milled 
MgH2,  and  MgH2  doped  with  2  wt%  Zr2Ni5,  LaNi5,  and  Ni 
catalysts.  The  onset  temperature  (Tonset)  and  Tdec  for  the 
various  samples  are  summarized  in  Table  II.  The  Tonset 
represents  the  point  at  which  the  onset  tangent  line 
intersects  with  the  baseline  of  the  DSC  peak.  The  DSC 
results  reveal  a  reduction  in  Tdec  due  to  the  catalytic  effect  of 
Ni  and  the  Ni  alloys,  compared  to  the  Tdec  of  MgH2  milled 
for  2  h  without  catalyst.  These  results  are  consistent  with 
a  similar  shift  in  ?dec  observed  in  the  TGA  profile.  The 
catalytic  effect  of  Ni  appears  to  be  marginally  higher  than 
for  Zr2Ni5  or  LaNi5  because  Tdec  for  the  former  is  324  °C, 
whereas  the  latter  are  331  and  333  °C,  respectively.  Also, 
the  DSC  results  for  MgH2  milled  with  Zr2Ni5  and  LaNi5 
exhibit  a  shoulder  near  350  °C,  which  corresponds  to  the 
rdec  of  MgH2  milled  in  the  absence  of  a  catalyst.  This 
suggests  that  unlike  pure  Ni,  the  Ni  alloys  do  not  seem  to 
catalyze  the  dehydrogenation  reaction  completely.  Hanada 
et  al.31  showed  that  the  hydrogen  desorption  properties  of 
Nb205-catalyzed  MgH2  are  improved  with  increasing 
milling  time  in  contrast  to  that  of  Ni-catalyzed  MgH2.  In 
our  case,  the  shoulder  observed  at  350  °C  did  not  disappear 
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TABLE  II.  Summary  of  the  dehydrogenation  properties  of  all  the  catalysts  studied. 

Samples 

Catalyst  amount  (wt%) 

Milling  time  (h) 

Onset  temperature,  Tonset  (°C) 

Decomposition  temperature3,  Tdec  (°C) 

Weight  lossb  (wt%) 

MgH2c 

- 

- 

402 

414 

7.0 

MgH2 

- 

1 

355 

374 

7.2 

MgH2 

- 

2 

341 

353 

7.1 

MgH2 

- 

5 

351 

363 

7.1 

MgH2 

- 

10 

353 

371 

7.2 

MgH2/Zr2Ni5 

2 

2 

306 

331 

7.0 

MgH2/LaNi5 

2 

2 

311 

333 

6.8 

MgH2/Ni 

2 

2 

306 

324 

6.6 

MgH2/Zr2Ni5 

5 

2 

293 

318 

6.5 

MgH2/LaNi5 

5 

2 

289 

317 

7.1 

MgH2/Ni 

5 

2 

304 

323 

7.2 

MgH2/Zr2Ni5 

10 

2 

286 

311 

6.2 

MgH2/LaNi5 

10 

2 

281 

307 

6.0 

MgH2/Ni 

10 

2 

258 

287 

6.1 

aData  obtained  from  differential  scanning  calorimetry  profiles. 
bData  obtained  from  thermogravimetry  profiles. 
cAs-received  MgH2. 
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FIG.  3 .  DSC  profiles  for  the  as-received  MgH2,  milled  MgH2  (2  h),  and 
MgH2  milled  with  2  wt%  Zr2Ni5,  LaNi5,  and  Ni  catalysts  for  2  h  (heating 
rate  5  °C/min). 

with  longer  milling  time  (5  h).  It  should  be  noted  that  the 
Tdec  values  reported  here  are  higher  than  those  obtained  from 
studies  performed  in  vacuum  such  as  that  by  Hanada  et  al.31 

The  influence  on  milling  MgH2  with  higher  amounts  of 
Ni-based  catalysts  (5  wt%)  was  also  studied.  Figure  4  shows 
the  DSC  profiles  of  the  as-received  MgH2,  milled  MgH2,  and 
MgH2  doped  with  5  wt%  Zr2Ni5,  LaNi5,  and  Ni  catalysts. 
The  DSC  profile  of  MgH2  samples  milled  with  Zr2Ni5  shows 
a  double  desorption  peak  at  —319  and  —350  °C  suggesting 
that  Zr2Ni5  does  not  catalyze  the  entire  reaction.  As  shown  in 
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FIG.  4.  DSC  profiles  for  the  as-received  MgH2,  milled  MgH2  (2  h),  and 
MgH2  milled  with  5  wt%  Zr2Ni5,  LaNi5,  and  Ni  catalysts  for  2  h  each 
(heating  rate  5  °C/min). 

Fig.  4,  the  maximum  of  the  endothermic  peak  is  further 
reduced  by  —10  °C  upon  increasing  the  catalyst  amount 
from  2  to  5  wt%.  High-energy  milling  of  the  as-received 
MgH2  with  5wt%  Ni  or  Zr2Ni5  has  therefore  resulted 
in  —100  °C  decrease  in  Tdec.  Generally,  longer  milling  time 
(>2  h)  did  not  result  in  better  desorption  properties  for  MgH2 
milled  with  catalysts.  FESEM  studies  revealed  that  the 
large  as-received  MgH2  particles  were  transformed  into 
small  grains  with  sizes  ranging  from  0.3  to  1  pm,  and  that 
the  catalyst  particles  are  fairly  well-dispersed  on  the 
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surface  of  MgH2  after  2  h  of  milling  as  shown  by  the 
representative  FESEM  image  in  Fig.  5.  The  catalytic 
enhancement  of  hydrides  has  been  widely  demon¬ 
strated11;  however,  most  studies  involve  several  hours 
of  ball  milling.  For  example,  Yonkeu  et  al.32  showed  that 
80  h  of  ball  milling  was  needed  to  decrease  the  Tdec  of 
MgH2  from  429.2  to  368.3  °C  using  2  mol%  of  the  body- 
centered  cubic  alloy  TiVi.iMn0.9  as  catalyst.  We  should 
note  that  for  studies  performed  in  vacuum,  Tdec  of 


FIG.  5.  Backscattered  electron  micrograph  of  MgH2  modified  with 
5  wt%  Ni  catalyst.  Dispersed  lighter  areas  correspond  to  Ni-rich  phases. 


modified  MgH2  in  the  range  of  200-280  °C  with  a  good 
rate  is  common  while  at  0.1  Mpa  H2,  no  desorption 
occurs  below  325  °C.U  Although  the  Tdec  achieved  at  the 
current  stage  of  our  work  is  still  higher  than  the  desired 
range  for  TES,  the  substantial  decrease  in  Tdec  achieved 
after  only  2  h  of  milling  is  noteworthy.  Further  downshift 
of  rdec  may  be  obtained  by  improving  catalyst  dispersion, 
catalyst-hydride  interaction  via  high-energy  wet  chem¬ 
ical  milling  process. 


FIG.  7.  DSC  profiles  for  MgH2  milled  with  10  wt%  (a)  Zr2Ni5, 
(b)  LaNi5,  and  (c)  Ni  catalysts  for  2  h  each  (heating  rate  5  °C/min). 


FIG.  6.  Kissinger  plots  for  dehydrogenation  of  as-received  MgH2,  MgH2  milled  with  5  wt%  Zr2Ni5,  LaNi5,  and  Ni  catalysts  for  2  h  each.  The  heating 
rates  used  were  5,  10,  and  20  °C/min. 
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The  effect  of  Ni-based  catalysts  on  the  dehydrogenation 
kinetics  of  MgH2  was  also  investigated.  The  apparent 
activation  energies,  EA,  were  determined  using  the  Kissinger 
method  as  previously  discussed  (Fig.  6).  The  apparent  EA 
for  the  as-received  MgH2  is  —169  kJ/mol,  which  is  in 
agreement  with  EA  obtained  from  the  Arrhenius  plot  (EA  = 
—  168  kJ/mol)  for  MgH2  powder  purchased  from  ABCR 
GmbH  &  Co.  (Karlsruhe,  Germany).11  The  apparent  EA  for 
the  dehydrogenation  reactions  of  MgH2  catalyzed  by 
Zr2Ni5,  LaNi5,  and  Ni  are  79,  122,  and  81  kJ/mol,  re¬ 
spectively.  From  the  EA  values,  it  is  clear  that  modifying 


■  P-MgH2,  •  y-MgH2  ▲  MgO 
□  Ni  0  La  o  Zr 


FIG.  8 .  Powder  XRD  of  (a)  milled  MgH2  for  2  h  and  MgH2  milled  with 
10  wt%  (b)  LaNi5,  (c)  Zr2Ni5  and  (d)  Ni  for  2  h. 


MgH2  with  Zr2Ni5  or  Ni  catalysts  via  high-energy  milling 
improves  the  kinetics  significantly;  the  EA  is  reduced  by 
half.  It  has  been  shown  that  milling  MgH2  with  nano-Ni 
particles  for  15  min  and  20  h  reduces  the  desorption 
temperature  at  atmospheric  pressure  from  418  to  243  and 
302  °C,  respectively.11  The  apparent  EA  of  desorption  of 
MgH2  milled  with  nanosized  Ni  for  15  min  and  micrometer¬ 
sized  Ni  particles  for  20  h  were  92  and  105  kJ/mol, 
respectively.  The  EA  values  obtained  in  our  work  using  Ni 
and  Zr2Ni5  particles  are  comparable  to  these  values. 

Based  on  the  positive  effect  of  the  catalysts  on  Tdec  and 
Ea,  higher  amounts  of  catalysts  were  also  milled  with  the 
as-received  MgH2  for  2  h.  The  DSC  profiles  of  MgH2 
milled  with  10  wt%  Zr2Ni5,  LaNi5,  and  Ni  are  shown  in 
Fig.  7.  The  Tdec  for  MgH2  milled  with  10  wt%  Zr2Ni5, 
LaNi5,  and  Ni  were  311,  307,  and  287  °C,  whereas  their 
ronset  were  286,  281,  and  258  °C,  respectively.  Further 
decrease  in  Tdec  was  observed  after  milling  with  10  wt% 
catalyst.  In  comparison  to  the  as-received  MgH2,  the  total 
decrease  in  Tdec  was  greater  than  100  °C  for  all  the 
samples.  The  apparent  EA  obtained  from  the  Kissinger 
method  for  MgH2  milled  with  10  wt%  Zr2Ni5,  LaNi5,  and 
Ni  are  85,  97,  and  87  kJ/mol,  respectively.  The  apparent 
Ea  does  not  seem  to  change  significantly  with  higher 
catalyst  amount  except  in  the  case  of  LaNi5.  As  the  catalyst 
amount  milled  with  the  hydride  increases,  the  H2  weight 
penalty  during  dehydrogenation  of  the  hydride  increases, 
and  this  does  not  seem  to  be  severe  as  evidenced  by  their 
respective  TGA  data  (Table  II).  The  weight  loss  analysis 
was  restricted  to  the  temperature  range  where  MgH2 
undergoes  its  enthalpy  change  (>250  °C). 

To  explore  possible  structural  change  due  to  the  increased 
amount  of  catalyst,  XRD  patterns  of  MgH2  +10  wt% 
catalyst  composites  were  acquired  and  the  results  are  shown 
in  Fig.  8.  It  is  clear  from  the  observed  reflections  that  the 
samples  are  composed  of  mixtures  of  the  two  main 
polymorphs  (P-MgH2  and  y-MgH2)  and  the  various  catalyst 
components.  In  comparison  to  the  XRD  pattern  of  the  as- 
received  MgH2  (Fig.  1),  the  diffraction  peaks  of  these 


FIG.  9.  Effect  of  milling  and  the  amount  of  the  various  catalysts  on  the  decomposition  temperature  (7dec)  and  apparent  activation  energy  (EA) 
during  the  dehydrogenation  of  MgH2.  For  comparison,  data  for  as-received  MgH2  (AR-MgH2)  and  MgH2  milled  for  2  h  (BM-MgH2)  are  also 
included. 
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composites  (Fig.  8)  are  considerably  broadened  indicating 
the  formation  of  nanocrystallites  or  residual  strain.  The 
absence  of  MgH2Ni,  a  common  alloy  formed  when  a  high 
amount  of  Ni  is  milled  with  MgH2  indicates  that  solid  state 
reactions  between  the  catalyst  and  MgH2  may  not  have 
occurred. 

A  summary  of  the  effects  of  milling  and  the  amounts  of 
Ni,  LaNi5,  and  Zr2Ni5  catalysts  on  Tdec  and  apparent  EA  is 
presented  in  Figs.  9(a)  and  9(b).  It  is  clear  from  this  result  that 
ball  milling  may  have  both  thermodynamic  and  kinetic 
effects — it  decreases  the  Tdec  from  414  to  353  °C  and  the  EA 
from  169  to  131  kJ/mol.  The  effect  of  the  catalysts  on  Tdec 
appears  to  be  the  same  for  MgH2  samples  milled  with  2  and 
5  wt%  catalysts;  however,  Ni  catalyst  clearly  shows  the 


highest  downshift  of  Tdec  for  MgH2  samples  milled  with 
higher  catalyst  amount  (10  wt%).  As  mentioned  earlier, 
milling  MgH2  with  5  wt%  Ni  and  Zr2Ni5  results  in  improved 
kinetics,  corresponding  to  —50%  decrease  in  EA  compared 
to  the  as-received  MgH2.  Interestingly,  increasing  the  catalyst 
amount  to  10  wt%  does  not  result  in  a  corresponding  increase 
in  the  dehydrogenation  kinetics  of  MgH2  samples  milled 
with  Ni  and  Zr2Ni5;  on  the  other  hand,  improved  kinetics  is 
observed  for  MgH2  milled  with  10  wt%  LaNi5  possibly  due 
to  the  increasing  active  Ni  component  in  the  sample. 

C.  XPS  analysis  of  the  role  of  catalyst 

To  obtain  further  insight  into  the  role  of  the  active  catalyst 
(Ni)  during  the  dehydrogenation  of  MgH2,  XPS  analysis  was 


65  60  55  50  45  40  65  60  55  50  45  40 

(a)  Binding  energy  (eV)  (b)  Binding  energy  (eV) 


(c)  Binding  energy  (eV)  (d)  Binding  energy  (eV) 

FIG.  10.  X-ray  photoelectron  spectroscopic  spectra  of  as-received  MgH2  and  MgH2  milled  with  5  and  10  wt%  Ni  catalysts:  (a)  Mg  2p  region  before 
reaction,  (b)  Mg  2p  region  after  reaction,  (c)  O  Is  region  before  reaction,  and  (d)  O  Is  region  after  reaction.  R  =  OH  /O2  ratio. 
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carried  out  on  MgH2  in  the  as-received  and  dehydrogenated 
states  and  for  MgH2  +  5  wt%  Ni  and  MgH2  +10  wt%  Ni  in 
the  milled  and  dehydrogenated  states.  The  XPS  spectra  of 
O  Is  and  Mg  2p  regions  for  the  various  samples  are  pre¬ 
sented  in  Fig.  10.  The  Ni  2p  spectra  of  MgH2  +  5  wt%  Ni 
exhibited  poor  signal-to-noise  due  to  the  low  concentration 
of  Ni.  However,  the  Ni  2p  spectra  of  MgH2  +10  wt%  Ni 
showed  improved  signal-to-noise  (not  shown),  and  the 
binding  energies  of  the  2p3/2  and  2p1/2  for  the  milled  hydride 
state  were  centered  at  852.3  and  869.5  eV  and  for  the  de¬ 
hydrogenated  state  at  852.1  and  869.5  eV,  respectively.  The 
Ni  2p3/2  and  2p1/2  peak  positions  and  line  shapes  are 
characteristic  of  metallic  Ni,33  and  the  peak  positions  for 
the  milled  and  dehydrogenated  states  are  somewhat  similar 
indicating  that  Ni  remains  in  the  metallic  state  during  the 
dehydrogenation  of  MgH2.  The  Mg  2p  peaks  for  all  the 
milled  and  dehydrogenated  states  were  centered  —50  eV 
[Figs.  10(a)  and  10(b)],  consistent  with  the  core  level 
binding  energy  of  Mg  in  hydrides.34  The  addition  of  Ni 
catalyst  does  not  seem  to  affect  the  shape  and  peak  position 
of  the  Mg  2p  peaks.  On  the  other  hand,  all  the  O  Is  spectra 
showed  doublets  indicating  that  oxygen  atoms  are  present  in 
two  different  chemical  environments  [Figs.  10(c)  and 
10(d)].  The  low-binding  energy  peak  is  ascribed  to  O2  or 
lattice  MgO  oxygen  atoms,  whereas  the  high  binding  energy 
(HBE)  peak  is  still  unclear  but  widely  associated  with 
hydroxide,  hydroxyl,  oxygen  containing  species  acting 
as  precursors  to  support  oxide  growth  or  catalytic  poi¬ 
son.35,36  In  fact,  prior  work  has  shown  that  the  presence  of 
these  oxygen  species  with  HBE  peak  on  Ti-based  alloy 
surfaces  can  block  catalytically  active  sites  and  prevent  H2 
dissociation.37  Curve  fitting  of  the  O  Is  spectra  using  a 
mixture  of  Gaussian  (50%)  and  Lorentzian  (50%)  line 
shapes  to  achieve  the  best  fit  allowed  for  the  quantification 
of  the  oxide  and  hydroxide  components.  The  ratio  of  the  hy¬ 
droxyl  :  oxide  (OH  /O2  )  decreases  significantly  after 
milling  MgH2  with  5  wt%  Ni  catalyst  suggesting  that  the 
presence  of  Ni  decreases  the  hydroxide  component.  It  should 
be  noted  that  milling  with  higher  catalyst  amount  (10  wt% 
Ni)  did  not  result  in  further  decrease  of  the  OH  /O2  ratio. 
Based  on  the  analysis  of  the  O  Is  spectra  for  the  different 
samples  and  their  corresponding  EA  data,  we  hypothesize 
that  there  is  a  strong  correlation  between  the  type  of  oxygen 
species  adsorbed  on  Ni-modified  MgH2  and  the  reaction 
kinetics  of  the  dehydrogenation  reaction.  Lower  OH  /O2 
ratios  generally  have  lower  EA  values  and  vice  versa. 

IV.  CONCLUSIONS 

This  work  has  shown  that  the  presence  of  Ni  and  Ni 
alloys  in  MgH2  decreases  the  energy  barrier  of  MgH2 
dehydrogenation,  and  catalytic  activity  follows  the  follow¬ 
ing  order:  Ni  ~  Zr2Ni5  >  LaNi5.  Using  a  combination  of 
a  high-energy  vibrating  mill  and  Ni-based  catalysts,  we  have 
successfully  reduced  the  Tdec  of  MgH2  by  over  120  °C,  from 


-414  to  -287  °C.  MgH2  milled  for  2  h  with  Ni  (5  wt%)  and 
Zr2Ni5  (5  wt%)  showed  an  EA  of  81  and  79  kJ/mol, 
respectively,  corresponding  to  a  —50%  decrease  in  EA. 
These  improvements  were  achieved  after  only  2  h  of  milling 
indicating  the  efficiency  of  our  high-energy  milling  pro¬ 
cedure.  In  particular,  the  XPS  data  indicate  that  the  milling 
of  MgH2  with  Ni  catalyst  decreases  the  amount  of  oxygen 
atoms  in  defective  positions  that  are  associated  with 
poisoning  of  the  catalytically  active  centers,  thereby  en¬ 
hancing  the  dehydrogenation  process.  This  insight  into  the 
role  of  Ni  catalyst  during  the  dehydrogenation  of  MgH2 
would  benefit  current  efforts  aimed  at  improving  the 
hydrogen  and  heat  storage  properties  of  hydrides.  Although 
these  results  are  promising,  significant  reductions  in  Tdec  are 
desired  for  many  thermal  storage  applications;  therefore, 
additional  ways  of  improving  the  surface  area  density  of 
the  hydride  grains,  catalyst  dispersion,  and  catalyst-hydride 
interaction  are  being  explored. 
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